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Foreword
Bananas and plantains (Musa spp.) are among the world’s most important 
crop-groups.  Over 400 million people throughout the developing 
countries of the tropics and subtropics are dependent on these crops, as 
both a staple food and an important commodity for marketing locally 
and internationally.
Bananas and plantains are grown almost exclusively by small-scale 
farmers and production is based on a wide range of locally important 
varieties.  In many areas however, this production is being increasingly 
constrained by pest and disease pressure.  In response to this, a number 
of banana and plantain breeding programmes around the world are 
working to produce improved pest- and disease-resistant, high-yielding 
varieties.
The raw materials for banana breeding are the wild Musa species and 
diverse varieties found particularly in Asia, the centre of diversity of 
Musa, but also in Africa and Latin America.  These species and cultivars 
contain the genes necessary for sustainably improved production in the 
face of pest and disease attacks and changing environmental conditions. 
In order to ensure the availability of these important resources for future 
breeding and production, it is essential that Musa germplasm is safely 
conserved.
Bioversity International (previously INIBAP) is responsible for the 
world collection of Musa germplasm.  This currently consists of over 
1185 accessions, both wild species and cultivated varieties, and is 
held under the auspices of FAO.  This active collection is presently 
maintained in vitro, under conditions of low light intensity and low 
temperature in order to reduce the growth rate of the cultures.  Despite 
these slow-growth conditions, all accessions still need to be subcultured 
on average once per year.  The subculturing process is labour-intensive 
and provides opportunity for accessions to become infected by fungal 
or bacterial contaminants.  Furthermore accessions maintained in vitro, 
even under slow-growth conditions, are liable to somaclonal variation.
In order to overcome these problems and to ensure the safe long-term 
conservation of Musa genetic resources, Bioversity is supporting research 
on cryopreservation, i.e. storage at ultra-low temperature, usually that 
of liquid nitrogen (-196°C).  This is the method of choice for ensuring 
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cost-effective and safe, long-term storage of genetic resources of species 
which have recalcitrant seeds or are vegetatively propagated, such as 
Musa.  This research is being carried out at the Katholieke Universiteit 
Leuven, Belgium (KULeuven) and the techniques developed are now 
being used for routine cryopreservation of accessions held by Bioversity. 
Almost half of the collection is currently safely preserved in liquid 
nitrogen for the long term.  This cryopreserved collection is considered 
as complementary to the in vitro collection and serves as a safe back-up 
in case accessions are lost due to contamination, somaclonal variation 
and human errors during subculture events.  
Cryopreservation techniques are, in principle, applicable to any type 
of plant tissue with regeneration potential.  Such techniques have now 
been developed for more than 200 different plant species cultured in 
various forms, including cell suspensions, calli, apices, somatic and 
zygotic embryos (Reed 2008). 
Two types of meristematic and regenerative in vitro tissues can be 
obtained from the banana: (i) individual meristems isolated from shoot-
tip cultures and (ii) highly proliferating meristem cultures containing 
‘cauliflower-like’ meristem clusters.  Cryopreservation methods have 
been developed for both tissue types.
In addition, embryogenic cell suspensions of different cultivars 
belonging to distinct genomic groups are also now being stored in 
liquid nitrogen (Panis et al. 1990, Panis 1995, Panis et al. 2005b). The 
main aim of preserving embryogenic cell suspensions of banana for the 
long term is not the conservation of banana diversity.  As some banana 
accessions are recalcitrant toward the establishment of embryogenic cell 
suspensions and moreover this process is extremely time consuming 
(up to 15 months), cryopreservation should be considered in this case 
as an aid for biotechnological applications such as genetic engineering 
(Strosse et al. 2003).  
The different methods currently used at KULeuven for cryopreserving 
Musa cultures are described in this publication.  The advantages and 
disadvantages of each method are described and areas where research is 
still required to further optimize the protocols are identified.
The aim of this publication is to provide information and guidance on 
cryopreservation methodologies suitable for use on Musa germplasm. 
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It is hoped that the detailed descriptions of the methodologies will 
facilitate their adoption and standard use in different laboratories.
The availability and the type of starting material, the genotypes being 
cryopreserved and availability of resources will have to be considered 
to determine which of these methods is most suitable for use in other 
laboratories.
8 Cryopreservation of Musa germplasm Technical Guidelines 9 9
1. Cryopreservation protocols for banana meristems
1.1 INTRODUCTION
Until 20 years ago, cryopreservation protocols for plant tissues were 
mainly based on slow freezing in the presence of cryoprotective mixtures 
containing DMSO (dimethyl sulphoxide), sugars, glycerol and/or 
proline.  Slow freezing results in freeze-dehydration, leaving less water 
in the cells to form lethal ice crystals upon exposure to extreme low 
temperatures.
During the last 20 years, however, several new cryopreservation 
procedures like vitrification, encapsulation-dehydration, preculture-
dehydration, and encapsulation/vitrification have been established, 
which are all based on vitrification.  Vitrification can be defined as the 
transition of water directly from the liquid phase into an amorphous 
phase or glass, whilst avoiding the formation of crystalline ice. 
Cryopreservation protocols based on vitrification techniques have been 
developed for different vegetatively propagated crops, including banana 
(Sakai and Engelmann 2007).
Bioversity-supported research at KULeuven has resulted in the 
development of three cryopreservation protocols suitable for the long-
term storage of meristem cultures of banana.  The first method relies 
on rapid freezing of highly proliferating meristem cultures precultured 
for 2 weeks on medium with 0.4 M (136.8 g/L) sucrose.  The second 
also uses highly proliferating meristem cultures that are precultured 
on sucrose but they receive an additional vitrification treatment.  The 
third and most generally applicable protocol is vitrification of apical 
meristems excised from rooted in vitro plants.  The labour requirement 
to cryopreserve accessions, as well as the post-re-warming regeneration 
percentages, depend on the cultivar and the method used (Panis et al. 
2007).  Application of the aforementioned protocols has resulted thus 
far in the safe storage in liquid nitrogen of 655 accessions (situation end 
2008) belonging to the different genome groups within the genus Musa.
Detection of endophytic bacteria
During normal meristem culture and storage under limited growth 
conditions, the presence of endogenous bacteria is rarely observed.  If 
present, often such bacteria do not interfere with the growth of meristem 
cultures.  However, as soon as meristems are subjected to cryopreservation, 
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growth of endogenous bacteria becomes a problem.  As the meristems 
begin to regrow following cryopreservation, endogenous bacteria 
present can develop into yellow or white colonies, which overgrow the 
recovering meristem.  Therefore, prior to cryopreservation, cultures are 
always screened for the presence of endophytic bacteria on a bacterial 
growth medium (BACT medium) containing 23 g/L Difco® Bacto 
nutrient broth, 10 g/L glucose and 5 g/L yeast extract (van den Houwe 
and Swennen 2000).  These plates are incubated for 3 weeks in the light 
at 28°C.  Accessions responding positively are discarded (Hamill et al. 
2005, Thomas et al. 2008, Van den Houwe and Swennen 2000).
1.2 CRYOPRESERVATION OF APICAL BANANA MERISTEMS
Cryopreservation of in vitro grown shoot-tips of banana through 
vitrification was originally reported by Thinh and coworkers (Thinh et 
al. 1999).  Using this method, regeneration percentages were often low 
and unpredictable. Therefore, the technique was further improved and 
adapted at KULeuven to make it applicable to a wide variety of cultivars 
(Panis et al. 2005a).
This method is illustrated in Figure 1 below.
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1.2.1 Plant materials
Preparation of in vitro plantlets
All accessions were obtained from Bioversity Musa germplasm in 
vitro collection (KULeuven, Belgium).  This collection contains edible 
banana cultivars as well as wild relatives.  Shoot cultures are grown in 
25 x 150 ml test tubes on 25 ml p5 medium.  P5 medium contains semi-
solid Murashige and Skoog (MS) medium supplemented with 30 g/L 
sucrose, 10 µM BA and 1 µM IAA and solidified with 2 g/L gelrite 
(Banerjee and de Langhe 1985).  They are cultured at 25 ± 2°C under 
continuous 50 µE m-2 s-1 illumination provided by 36 W Osram cool-
white fluorescent tubes. The pH is adjusted to 5.8 prior to autoclaving. 
From these multiplying cultures, shoots of 3-5 cm in length are separated 
and transferred to rooting medium in test tubes.  The rooting medium 
has the same composition as p5 but it is devoid of plant growth 
regulators and supplemented with 0.5 g/L active charcoal. After one 
month, robust and well rooted in vitro plants are obtained with a corm 
diameter of 5 to 8 mm that forms an appropriate source for the excision 
of apical meristems (Figure 2).
Dissection and selection of apical meristems
Like many other monocots, banana apical meristems are tightly covered 
with several layers of whitish, tubular, immature leaves.  Individual 
apical meristems are excised under a binocular microscope. Leaves are 
removed one by one until the apical dome is visible but still partially 
Figure 2. Production of 
robust, rooted in vitro plants 
of banana cv. ‘Williams’.
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covered by one to two young leaf primordia (see Figures 3 and 4) . The 
leaf base (corm tissue) is 1 mm in diameter. In order to excise corm 
pieces of exactly this size, a millimetre grid graph paper is placed 
underneath the transparent sterile plastic Petri dish in which the 
meristems are excised. The dissected meristems are transferred into the 
loading solution (in the dark at room temperature). Tips that are slightly 
damaged or are not in the correct stage (i.e. the meristem is too much or 
too little covered by leaf primordia) are excluded from cryopreservation. 
A skilful and trained technician can isolate a maximum of 10 meristems 
an hour (roughly, 6 minutes/isolated meristem).
Figure 3. Illustration of meristem isolation. 
Leaves are removed one by one until the apical 
dome is visible but still partially covered by 1 to 
2 young leaf primordia.
Figure 4. Partly-covered apical meristems of 
banana cv. ‘Williams’.
1.2.2 Cryopreservation through droplet vitrification
Loading, dehydration and rapid freezing
The filter sterilised loading solution contains 2 M glycerol and 
0.4 M (= 136.8 g/L) sucrose dissolved in MS medium (pH 5.8). The 
excised meristems are left in the loading solution in a 20 ml plastic 
vessel until all of them are dissected. The exposure time thus varies 
between 20 min and 5 h. Previous research has shown that regrowth of 
banana meristems is not influenced by loading solution exposure time 
(Panis et al. 2005a). Although the precise mechanism of loading is not 
yet fully understood, it has been proven for different plant species that 
loading can dramatically enhance the tolerance of isolated meristems to 
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After loading, the solution is replaced by ice-cooled PVS2 solution. 
The PVS2 solution consists of 30% (w/v) (3.26 M) glycerol, 15% (w/v) 
(2.42 M) ethylene glycol (EG), 15% (w/v) (1.9 M) DMSO and 0.4 M 
(= 136.8 g/L) sucrose (Sakai et al. 1990). All these compounds are 
dissolved in MS medium, pH adjusted to 5.8 followed by filter 
sterilization.  The meristems are subjected to the PVS2 solution for 30 to 
40 min. at 0°C. Five min. before the end of the treatment, 10 meristems 
are transferred individually to one droplet of PVS2 solution (of about 
15 µl) on a strip of aluminium foil (5x20 mm) with a 2 ml plastic Pasteur 
pipette (Figure 5).  To keep the temperature of the strip around 0°C 
during the manipulations, the aluminium strip is placed in a plastic Petri 
dish placed on top of a frozen cooling element. After the PVS2 treatment, 
the aluminium strip is plunged into liquid nitrogen with a fine forceps. 
For permanent cryostorage, the frozen foil is quickly transferred to a 
2 ml cryotube filled with liquid nitrogen and closed.
Figure 5.  Transfer of 
meristems to a droplet 
of PVS2 solution (of 
about 15 µl) on a strip of 
aluminium foil (5x20 mm) 
with a 2 ml plastic Pasteur 
pipette. 
Storage, re-warming and unloading
The meristems are kept in liquid nitrogen for at least 20 min.  For re-
warming, aluminium foil strips are rinsed in 10 ml unloading solution in 
a small Petri dish at room temperature.  After a few seconds, meristems 
are released from the strip of aluminium foil and kept for another 15 min 
in the unloading solution.  As such, the toxic PVS2 solution is removed 
whilst re-warming and replaced by a less-toxic unloading solution.  The 
unloading solution consists of 1.2 M (= 410.4 g/L) sucrose dissolved in 
MS medium (pH 5.8). 
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Recovery
Unloaded meristems are placed onto two sterile filter papers on top of 
semi-solid hormone-free MS medium containing 0.3 M (=102.6 g/L) 
sucrose.  After two days, the meristems are transferred onto regeneration 
medium without filter papers.  The first week of culture always takes 
place in the dark.  Four to six weeks following cryopreservation, four 
types of reactions can be distinguished: 
(i)   white shoot-tips resulting from an immediate death of the tissue 
without blackening; 
(ii)   completely or partially black shoot-tips, indicating that there was 
enzymatic reaction following cryopreservation (production and 
oxidation of polyphenols); 
(iii)   unorganized callus growth, representing the outgrowth of small 
isolated areas of the apical dome and/or primordial tissues; and 
(iv)   shoot-tip regeneration resulting from the survival of a substantial 
part of the apical dome (Figures 6a-d). 
Figure 6.  Reaction of apical meristems towards cryopreservation 30 days after re-warming (a) No 
growth; the meristem remains white; (b) Blackening without further growth; apical dome reacts by 
formation of polyphenolic compounds that oxidize; (c) Callus formation; watery, non-morphogenic 
callus; and (d) Shoot regeneration (bar = 600 µm). 
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One month after re-warming, a 0.5 cm long shoot can be observed 
(Figure 7).  Calluses never produced shoots. 
Figure 7.  Recovered shoots from 
cryopreserved apical meristems of banana 
cv. ’Williams’ 1 month after re-warming. 
1.3 CRYOPRESERVATION OF BANANA MERISTEM CLUSTERS (CAULIFLOWER-LIKE STRUC-
TURES)
A second type of regenerative meristematic tissue in banana which has 
been successfully cryopreserved is the highly proliferating (sometimes 
called cauliflower-like) meristem clusters.  This tissue type was 
originally produced as a starting material to initiate embryogenic cell 
suspension cultures in bananas (Dhed’a et al. 1991, Schoofs 1997, Strosse 
et al. 2006).
Two cryopreservation techniques applied to highly proliferating 
‘cauliflower-like’ meristem clusters are described below:
•  Simple freezing method (which involves sucrose preculture) (Panis et 
al. 1996, Panis et al. 2002),
•  Droplet-vitrification of ‘cauliflower-like’ meristem clusters (combining 
preculture with droplet-vitrification) (Panis et al. 2000b, Agrawal et al. 
2004).
1.3.1 Plant material
Production of ‘cauliflower-like’ meristem clusters
Preliminary experiments revealed that re-growth of meristematic clumps 
after cryopreservation can only succeed with ‘cauliflower-like’ clusters. 
Figure 8. Meristem cultures of banana cultivars Nakitengwa (AAA highland banana), Williams (AAA 
group) and Bluggoe (ABB group) on (left) p5 medium (containing 10µM BA) and (right) p4 medium 
(containing 100µM BA ) 
(bar = 2 cm).
Nakitengwa Williams Bluggoe
p5 medium (10 µM BA)
Nakitengwa Williams Bluggoe
p4 medium (100 µM BA)
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To produce this kind of material in all Musa accessions, meristem 
cultures are transferred to a medium containing a high concentration 
of BA (P4 medium, see Appendix 1).  Every one to two months, the 
material is subcultured and small clumps of ‘cauliflower-like’ meristems 
are selected and transferred to fresh medium (Strosse et al. 2006).  The 
high BA concentration (up to 100 µM) in the P4 medium suppresses 
outgrowth of meristems, thereby favouring the formation of numerous 
white apical domes (Figure 8).  Repeated subculturing is necessary and 
can take 4 to 12 months.
Preculture of meristem clumps
Following the appearance of ‘cauliflower-like’ clusters, and four weeks 
after the last subculture, white meristematic clumps of about 4 mm 
diameter, each containing at least four apical domes, are excised and 
transferred onto preculture medium (P5 + 0.4 M (= 136.8 g/L) sucrose) 
for four weeks.  They are cultured at 25°C ± 2°C in darkness.
� � � � �
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1.3.2 Simple freezing method
This method is illustrated in Figure 9.
Figure 9. Simple freezing protocol.
Figure 10. Precultured 
meristem clumps of “Musa 
schizocarpa”
Cryopreservation
Small white meristematic clumps weighing 5-15 mg (2-3 mm diameter), 
containing three to six meristematic domes, are excised from the 
precultured clumps (Figure 10).  Brown tissues are removed and only the 
healthiest parts, as indicated by a white-yellowish colour, are retained. 
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solution and plunged directly into a Dewar flask containing liquid 
nitrogen.  Each cryotube contains 7 to 10 clumps.  At this stage, samples 
can be stored for the long term by transferring the cryotubes to the 
liquid nitrogen tank, ensuring that their transfer from one container to 
the other takes place rapidly (within a few seconds), thereby preventing 
slow lethal re-warming of samples.
Re-warming and recovery
After storage, rapid re-warming takes place by stirring the frozen 
cryotube in a water-bath or a beaker containing water at 40°C for 90 s.
Regeneration of the frozen meristems can be carried out in two different 
ways:
•  Meristems are transferred to 9 cm Petri dishes containing semi-solid 
regeneration medium (P6) and sealed with parafilm.
•  Alternatively, regeneration can be executed in liquid medium.  Re-
warmed meristems are transferred to 100 ml Erlenmeyer flasks 
containing 30 ml of liquid regeneration medium (P6 without solidifying 
agent) and placed on a rotary shaker at 70 rpm.
After one week of culture in dark conditions, Petri dishes and flasks are 
transferred to continuous light at 50 µE m-2 s-1.  Cultures are kept at all 
times at 25 ± 2°C.
Three weeks after transfer to the regeneration medium, frozen meristem 
re-growth is determined under a binocular microscope.  Two types of 
surviving tissues are distinguished, i.e. shoots and non-regenerative 
callus.  All calluses are systematically discarded and only recovered 
shoots (Figure 11) are transferred to test tubes on regeneration medium 
Figure 11. Petri dish containing control 
(left) and frozen (right) meristematic 
clumps of cv. Bluggoe (ABB group), 
8 weeks after cryopreservation 
(bar = 1 cm).
� � � � �
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to promote further development of whole plants.  As soon as rooted 
plants are sufficiently developed, they are planted in the soil.
1.3.3 Droplet vitrification of ‘cauliflower-like’ meristem clusters 
This method is illustrated in Figure 12.  Loading, dehydration, rapid 
freezing, storage, re-warming and unloading are almost identical to 
the droplet vitrification described in paragraph 1.2.  Therefore, only the 
essential (and differential) steps are indicated in detail below.
Figure 12.  Droplet vitrification protocol of meristem clumps.
Loading, dehydration and rapid freezing
The excised meristem clumps are left in the loading solution (Appendix 1) 
in a 20 ml plastic vessel until all of them are dissected. The exposure time 
thus varies between 20 min. and 3 h. 
After loading, the solution is replaced by ice-cooled PVS2 solution 
(Appendix 1).  The meristem clumps are subjected to the PVS2 solution 
for 2 h at 0°C. Five min before the end of the treatment, about 10 meristem 
clumps are transferred to one droplet of PVS2 solution on a strip of 
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pipette (Figure 13).  To keep the temperature of the strip around 0°C 
during the manipulations, it is placed in a plastic Petri dish placed on top 
of a frozen cooling element.  After the PVS2 treatment, the aluminium 
strip is plunged into liquid nitrogen with a fine forceps.  For permanent 
cryostorage, the frozen foil is quickly transferred to a 2ml cryotube filled 
with liquid nitrogen and closed.
Figure 13.  Meristem clumps in a 
droplet of PVS2 solution (of about 
15 µl) on a strip of aluminium foil 
(5x20 mm). 
Storage, re-warming and unloading
The meristem clumps are kept in liquid nitrogen for at least 20 min. 
For re-warming, aluminium foil strips are plunged in 10 ml unloading 
solution (Appendix 1) in a small Petri dish at room temperature.  After a 
few seconds, meristem clumps are released from the aluminium foil and 
kept for another 15 min in the unloading solution.  As such, the toxic 
PVS2 solution is removed whilst re-warming and replaced by a less-
toxic unloading solution. 
Recovery
Frozen meristem clumps are taken from the unloading solution and 
placed in 9 cm plastic Petri dishes on two sterile filter papers on top 
of about 25 ml semi-solid hormone-free MS medium containing 0.3 M 
(= 102.6 g/L) sucrose.
After two days, the filter paper is removed and the meristem clumps are 
transferred to Petri dishes with MS medium supplemented with 2.22 µM 
BA.  The first week of culture always takes place in the dark.  After a 
maximum of six weeks, meristem clumps are transferred to test tubes 
with P6 medium for further development of whole plants (Figure 14).
Control Frozen
Bluggoe (ABB group)





Frozen Frozen Control Frozen
Dominico Harton (AAB plantain)
Frozen Frozen
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Figure 14.  Regenerating 
shoots from one control 
and three frozen 
proliferating meristems of 
the cultivars ‘Kisubi’ (AB 
group) ‘Dominico Harton’ 
(AAB plantain), ‘Bluggoe’ 
(AAB group) and ‘Williams’ 
(AAA group) 3 months 
after cryopreservation. 
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2. Cryopreservation of banana embryogenic cell suspensions
2.1 INTRODUCTION
Since most of the cultivated banana varieties are highly sterile, classical 
breeding programmes are very slow and labour-intensive.  Furthermore, 
no sources of resistance are available in the banana genepool against 
some pathogens, such as banana viruses.  Genetic engineering therefore 
offers a welcomed alternative for the genetic improvement of bananas. 
In monocots, embryogenic cell suspensions are often the material of 
choice for transformation, particularly in sterile crops like banana where 
zygotic embryos are not available.  Embryogenic cell suspensions are 
presently the only source of regenerative protoplasts in banana (Panis 
et al. 1993).  When subjected to electroporation, protoplasts derived 
from embryogenic cell suspensions give rise to a high frequency of 
transient expression of introduced marker genes (Sagi et al. 1994). 
Walled suspension cells can be successfully transformed by means of 
particle bombardment (Sagi et al. 1995) and Agrobacterium (Hernandez 
et al. 1998, Remy et al. 2005).  In this way genes coding for new types of 
anti-fungal proteins as well as virus resistance have been introduced into 
bananas.
The main bottleneck for transformation remains the initiation of cell 
suspensions of good quality, i.e. homogeneous embryogenic cell 
suspensions with high regeneration frequency.  The initiation of these 
suspension cultures is difficult and time-consuming, irrespective of 
the starting material used (immature male flowers, immature zygotic 
embryos or proliferating in vitro meristems).  Once established, these 
valuable cell suspensions are subject to somaclonal variation and 
microbial contamination.  Moreover, a prolonged culture period may 
result in the decrease and eventually the total loss of morphogenic 
capacity (Strosse et al. 2006, Strosse et al.  2003).
In 1990, a cryopreservation technique for ‘optimal’ cell suspensions 
was developed which involves cryoprotection with 7.5% (v/v) DMSO 
(dimethyl sulphoxide) for 1 h at 0°C, followed by slow freezing at 
1°C/min to -40°C and plunging into liquid nitrogen.  An ‘ideal’ 
embryogenic cell suspension contains a high proportion of cells that 
are isodiametric and characterized by a relatively large nucleus, small 
multiple vacuoles and tiny starch and protein grains (Figure 15).  Later 
on, this cryopreservation protocol was optimized in order to apply it to 
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less ‘ideal’ but also highly regenerative banana cells (Panis et al. 2000a). 
Less ‘ideal’ suspensions are more heterogeneous and can contain, 
besides embryogenic cell clumps, cells which are highly vacuolated 
and elongated, or cells with very dense but granular cytoplasm, or cells 
with large starch grains and organized globules. Recently, banana cell 
suspensions were recovered after 15 years storage in liquid nitrogen 
(unpublished results).  The ability to produce somatic embryos remained 
intact.  Also, embryogenic cell suspensions could again be initiated from 
the frozen material. These re-initiated suspensions proved to retain their 




The studies published on cryopreservation of banana cell suspensions 
show some differences in the procedure depending on the tissue used 
as starting material to initiate the cell suspensions.  In these guidelines, 
two different types of suspensions will be considered: (i) suspensions 
derived from male flowers (Côte et al. 1996) and (ii) suspensions derived 
from proliferating meristem cultures (Schoofs 1997, Strosse et al. 2006, 
Strosse et al. 2003).
Figure 15.  Embryogenic cell suspensions of the cultivar Bluggoe (ABB group).
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Cell suspensions derived from proliferating meristem cultures
Cell suspensions are kept in ZZ liquid medium (Appendix 1) on a rotary 
shaker at about 70 rpm and at 25 ± 2°C.
Cell suspensions derived from male flowers
Cell suspensions are kept in MA2 liquid medium (Appendix 1).
2.3 CRYOPRESERVATION OF CELL SUSPENSIONS
2.3.1 Preculture
This step is recommended only for cell suspensions derived from male 
flowers. Cells are cultured for 24 h in liquid MA2 supplemented with 
180g/L sucrose. 
2.3.2 Cryoprotection
Cell suspensions are always cryopreserved when they are in their 
exponential growth phase.  Exponential cell growth usually takes place 
7 to 10 days after the last subculture.
Cells are allowed to settle in a graduated centrifuge tube and the old 
medium is removed.
New liquid ZZ medium1 with 180 g/L sucrose is added until a final 
settled cell volume of 30% (v/v) is obtained.
An equal volume of sterile ZZ1 +180 g/L sucrose medium containing 
15% (v/v) dimethylsulfoxide (DMSO) is gradually transferred to the 
concentrated cell suspension over a period of 1 h at room temperature.
As such, the final cryoprotective solution, in suspensions derived both 
from male flower or meristematic cultures, contains 7.5% (v/v) DMSO 
and 180 g/L sucrose.
2.3.3 Freezing and storage
For slow freezing, some laboratories would use electronic programmable 
freezers for which the coolant is liquid Nitrogen.  Since the author is not 
aware of laboratories that have applied this equipment to banana cells, 
only the use of the methanol bath and the NalgeneTM cryo 1°C Freezing 
Container are discussed below.
1 ZZ medium is replaced by MA2 medium when cells of male flower origin are used.
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Slow freezing in methanol bath
Samples of 1.5 ml of the cryoprotected cell suspensions are transferred to 
2 ml cryotubes and placed in a stirred methanol bath (Cryocool CC-60, 
Exatrol and agitainer from Neslab, Portsmouth, New Hampshire, USA). 
This methanol bath cools at a rate of 1°C/min from room temperature 
to -40°C.
As soon as the temperature of -7.5°C is obtained, cryotubes are immersed 
for 3 s in liquid nitrogen to initiate ice crystallization.  Then they are 
further cooled to -40°C.  After 30 min at -40°C, cryotubes are plunged in 
liquid nitrogen (-196°C) for further storage.
Slow freezing using NalgeneTM cryo 1°C Freezing Container
The cryotubes containing 2 ml of cryoprotected cell suspensions are 
placed in a NalgeneTM cryo 1°C Freezing Container.  This simple freezing 
device consists of a plastic container holding 250 ml of iso-propanol 
(Figure 16).  Its transfer into a freezer (-80°C) allows a cooling rate of 
about 1°C/min.
In both cases, the temperature decrease inside the cryotube inside the 
Freezing Container is monitored with temperature probe which is placed 
in a control cryotube containing 1.5ml cryoprotectant medium.
Figure 16.  Slow freezing using NalgeneTM cryo 1°C Freezing Container with temperature probe.
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2.3.4 Thawing and recovery
After storage, cryotubes are rapidly thawed in a beaker filled with sterile 
water at 40°C for about 1.5 to 2 min until most of the ice has melted.
Cell suspensions derived from proliferating meristem cultures
Thawed cells are plated on semi-solid ZZ or RD1 medium (Appendix 1) in 
90 mm Petri dishes.  RD1 medium is employed when plants are required 
from the cryopreserved material.  Semi-solid ZZ medium is used when 
an embryogenic cell suspension culture must be re-established.  During 
the first week following cryopreservation, Petri dishes are always placed 
in the dark (Figures 17 A, B, C).
Figure 17.  (A) Regrowth after 4 weeks on 
semi-solid medium of unfrozen (left) and 
frozen (right) embryogenic cell suspensions of 
‘Bluggoe’ (ABB group);  (B) Mass of somatic 
embryos originating from a frozen cell culture;  
(C) Greenhouse plants derived from a frozen cell 
suspension.
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Cell suspensions derived from male flowers
Thawed cells are plated on semi-solid MA2 medium for 24 h in 90 mm 
Petri dishes.  After 24 h, cells are transferred to MA3 medium for 
further development of the somatic embryos regenerated from the cell 
suspension or to MA2 medium when an embryogenic cell suspension 
culture must be re-established.
2.3.5 Viability test of the cell suspensions
Chemical cell viability is determined by the fluorescein diacetate (FDA) 
test (Widholm 1972) whereby surviving cells fluoresce very brightly 
under ultraviolet illumination (Figure 18).
If no fluorescent microscope is available, the 2,3,4-triphenyl tetrazolium 
chloride (TTC) reduction test (Dixon 1985) can be applied.  Surviving 
cells convert the colourless TTC into red formazan crystals, which can be 
observed using an ordinary microscope.
Figure 18. Embryogenic 
cell suspension of the cv. 
‘Bluggoe’ (ABB group), 
cryoprotected with 5% 
(v/v) DMSO, frozen in liquid 
nitrogen, stained with FDA 
and observed with ultra 
violet light.  The small 
surviving embryogenic cells 
fluoresce very brightly while 
larger structures show more 
diffuse fluorescence 
(bar = 100 µm).










Plan de la coupe longitudinale
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3. Cryopreservation of banana zygotic embryos
3.1 MATERIAL AND METHODS
This cryopreservation method requires fully developed zygotic embryos 
excised from mature Musa seeds.  The fruit is brushed and washed with 
tap water and liquid soap.  Subsequently, it is sterilized with 20% (v/v) 
commercial bleach for 5 min and rinsed three times with sterile water.
The banana is peeled under sterile conditions using a laminar flow 
cabinet.  Seeds are extracted and the zygotic embryo is isolated using a 
stereoscopic microscope.  Because the embryo is located just beneath the 
‘opercule’, it is important to use the scalpel and cut longitudinally near-
around the ‘micropylar plug’ (Figure 19).
3.1.1 Preculture
The embryos are transferred for 5 h onto the medium described by Escalant 










Direction of longitudinal cut
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Skoog with macro-elements at half strength, Morel vitamins, 60 g/L sucrose, 
and 2 mg/L gelrite.  The pH is adjusted to 5.8 prior to autoclaving.
3.1.2 Dehydration
Embryos are then dehydrated under the sterile air of a laminar flow 
cabinet.  However, depending on both the laboratory conditions and the 
banana species, the desiccation period may require some adjustments 
(see Table 1).  It is therefore recommended to have an estimate of the time 
required to obtain a water content of around 14% (% of fresh weight) in 
the embryos since this proved to be optimal water content resulting in 
the highest post-thaw recovery (Abdelnour-Esquivel et al. 1992).  For 
Musa acuminata and Musa balbisiana, this water content is reached after 
1.5 and 2 h of dehydration, respectively.
3.1.3 Freezing
Freezing of the embryos is carried out in 2 ml cryotubes by direct 
immersion in liquid nitrogen.
Table 1. Evolution of water content of excised embryos of Musa acuminata and 
M. balbisiana as a function of dehydration duration. 
                                                       Water content (% of fresh weight)*
 Time (h) M. acuminata M. balbisiana
 0 64 79
 0.5 26 37
 1.0 20 28
 1.5 15 19
 2.0 11 14
 2.5 8 11
 3.0 6 9
(*) Average of 3 experiments with 3 replicates of 12 embryos each.
3.1.4 Thawing and recovery
The embryos are quickly thawed by warming the sample vials in a 40°C 
water bath for about 2 min.  For regeneration, embryos are placed on the 
medium described above (Escalant and Teisson 1987) supplemented with 
0.5 mg/L BA.  Cultures are kept in the dark for a period of approximately 
four weeks.  Germinated embryos are then transferred to the rooting and 
development medium (MS medium without hormones).
In view of its efficiency and simplicity, the cryopreservation technique established 
for M. acuminata and M. balbisiana embryos might be usefully applied in the 
future for long-term germplasm storage of fertile diploids of Musa.
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4. Discussion and perspectives
4.1 CRYOPRESERVATION OF BANANA MERISTEMS
4.1.1 Droplet vitrification of apical banana meristems 
Different Musa genotypes have been cryopreserved using this protocol 
(Thinh et al. 1999, Panis et al. 2005a). Post re-warming regeneration 
percentages range between 20 and 85% (with an average of 53%). 
These recovery percentages are relatively genotype independent.  It 
was, however, observed that genotypes with more B-genome survive 
significantly better than those with solely the A-genome (Panis et al. 
2005a).  Microscopic observation of the recovery of cryopreserved 
meristems (Helliot et al. 2003) has revealed that: 
(i)  the whole dome of the isolated meristem withstands exposure to 
liquid nitrogen; and 
(ii)  no regenerable post cryopreservation callus is formed.  Therefore, it 
would appear that somaclonal variation is unlikely to occur. 
The main limitations to this procedure are as follows:
•  Post cryopreservation viability/regeneration percentages vary 
depending on the operator.  Considerable experience in the dissection 
of tiny and fragile banana apical meristems is required before this 
cryopreservation protocol can be applied (using this method only 60 
meristems can be excised and cryopreserved in one day).
•  Many meristems survive but become black and are not able to form 
regenerating shoots.  Regeneration conditions could therefore still be 
optimized.
•  Low regrowth may be due to low quality meristems (tips that are 
slightly damaged or are not at the correct stage or too much or too 
little covered by leaf primordia).  The quality of the donor plants (more 
light, fewer plantlets in containers) could therefore be improved.
•  Using the droplet vitrification method, some researchers have shown 
some concern with respect to the effects of the direct contact of liquid 
nitrogen with the plant material.  Putative problems like contamination 
and loss of material were, however, never encountered in the author’s 
laboratory. 
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This droplet vitrification protocol was recently successfully applied 
to a wide range of plant species such as potato, ulluco, sweet potato, 
chicory, strawberry, taro, pelargonium, date palm, thyme, olive and hop 
and might thus be considered as the first generally applicable protocol 
(Gallard et al. 2008, Sanchez-Romero and Panis 2008, Sant et al. 2008, 
Marco et al. 2007, Panta et al. 2006).   
4.1.2 Cryopreservation of meristem clumps
The most labour-intensive part of cryopreservation of this type of 
material is the production of the highly proliferating cultures.  The 
quality of ‘cauliflower-like’ meristem clumps may be too poor for use 
in cryopreservation experiments (meristematic tissue versus corm tissue 
is too low and/or the explant shows too much blackening).  This can be 
due to the fact that the cultivar belongs to a ‘difficult’ genomic group (for 
example East African highland bananas and many plantains).  Previously, 
proliferation was only obtained by using BA at extremely high, nearly 
toxic, concentrations (100 µM).  Prolonged culture on 100 µM BA 
containing media, therefore, often results in a quality decrease (loss of the 
typical ‘cauliflower-like’ characteristics) of the cultures. Recently, the use 
of alternative cytokinins like thidiazuron (TDZ) at lower concentration 
(1 µM) proved to increase proliferation rates (Strosse et al. in press).
4.1.3 Simple freezing method
The simple freezing protocol was applied to 36 banana cultivars 
belonging to 8 genomic groups (Panis et al. 2002).  The results were 
extremely genotype dependent.  Best results (up to 70% regrowth) 
have been obtained with the ABB cultivars like Bluggoe, Cachaco and 
Monthan.  Intermediate results (around 25% regrowth) were reached 
with AAA dessert and AAB bananas.  AAB plantains and diploids 
generally respond poorly.  For all cultivars under investigation 
belonging to these genomic groups, plants were regenerated and grown 
in the greenhouse.  However, most of the AAA Highland bananas were 
not able to withstand simple freezing.
With regard to this simple freezing method, blackening, due to the 
oxidation of polyphenols is often observed when re-warmed meristems 
are placed on semi-solid medium.  This can cause cytotoxic effects 
and may also result in the recovering clumps being surrounded by 
an impermeable layer, thereby preventing nutrient uptake for further 
outgrowth.  One method to overcome this problem is to use liquid 
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regeneration media in order to dilute the released polyphenols.  This 
resulted in regeneration percentages that were up to 20 % higher
4.1.4 Droplet vitrification of ‘cauliflower-like’ meristem clusters
It has been found that post re-warming regrowth percentages of sugar 
pregrown meristems are higher compared to those grown on normal P4 
medium.  Sucrose preculture seems to increase tolerance of meristems 
not only towards the PVS2 solution but also towards the damaging 
events taking place during the cooling process.  When comparing the 
results from the droplet vitrification of ‘cauliflower-like’ meristem 
clusters with those obtained using the simple freezing method for the 
same cultivar, an increase in viability percentages for almost all cultivars 
is observed.  The increase in post-thaw regeneration for the ABB bananas 
is limited.  Recovery remains between 50 and 70%.  For AAA dessert 
and AAB bananas, the increase of regeneration percentages amount to 
30-50%, while for plantains 20-30% is reached.  AAA Highland bananas 
which proved to be recalcitrant towards cryopreservation using simple 
freezing give 0-20% survival using the droplet vitrification method.
For most plant species, optimal dehydration of meristematic tissues with 
PVS2 is obtained after 10 to 30 min at room temperature (Takagi 2000). 
Among the exceptions are shoot apices of sweet potato and pineapple 
which need to be treated with PVS2 for 100 min and 7 h, respectively 
(Plessis and Steponkus 1996, Gonzalez-Arnao et al. 1998).  The duration of 
this treatment has to be optimized case by case since enough dehydration 
must take place to avoid the formation of lethal ice crystals during 
freezing.  At the same time care has to be taken to prevent the treatment 
with the potentially toxic solution from irreversibly damaging the tissue. 
In the case of sucrose precultured proliferating banana cultivars, it has 
been observed that optimal post re-warming regeneration percentages 
are generally obtained after a 2 or 2.5-h PVS2 treatment.  Survival after 
3 h for most cultivars is considerably lower, probably due to the toxicity 
of this highly concentrated solution.
4.1.5 Further optimization of protocols
To facilitate the development of even more efficient cryopreservation 
protocols, a better knowledge of the physico-chemical background 
of cryopreservation is required.  This can only be unravelled through 
fundamental studies that involve both thermal analysis and a thorough 
examination of the different parameters that can influence cryo-
behaviour, like endogenous sugars, membrane composition, oxidative 
stress and protective proteins. In the framework of a European 
research project (CRYMCEPT, see http://www.agr.kuleuven.ac.be/
dtp/tro/CRYMCEPT/) and a European Union COST Action 
(http://www.agr.kuleuven.ac.be/dtp/tro/cost871/Home.htm) these 
parameters are investigated for different plant species, and among them 
banana.
We have shown that a preculture phase on medium containing elevated 
sucrose concentration is essential to make banana meristem cultures 
tolerant towards cryopreservation.  The plausible modes of action for 
sucrose preculture in enhancing freeze resistance are numerous.  Sucrose 
preculture results in a slow reduction in moisture content (Uragami 1991, 
Engelmann and Duval 1986, Zhu et al. 2006) due to its osmotic effect and 
sucrose uptake, thus depressing the freezing point and the amount of 
freezable water.  Sugars can also maintain the liquid crystalline state of 
the membrane bilayers and stabilize proteins under frozen conditions 
(Kendall et al. 1993).  An indirect effect of sucrose, which exercises a 
mild osmotic stress to the tissue, could come from the accumulation 
of water stress protective compounds, like proline (Delvallée et al. 
1989).  In banana, we determined sucrose-preculture induced changes 
in proteins (Carpentier et al. 2005, 2007), membrane components, 
sugars and polyamines (Zhu et al. 2006) and this for cultivars with 
different cryopreservation abilities.  These analyses revealed that 
the cryoprotective process induced by sugar preculture is extremely 
complex: besides changes in sterols, fatty acids, and polyamines and 
the production of specific protecting proteins, there could still be other 
parameters or limiting factors involved such as the capacity for free 
radical eradication.  We believe that when the exact mode of action of 
sucrose preculture with respect to cryoprotection is determined, the 
different cryopreservation protocols will be optimized more efficiently.
Often, the lack of reproducibility is a factor that limits routine application 
of cryopreservation (Benson et al. 1996, Reed et al. 2001, Reed et al. 
2004).  However, researchers at INIFAT (Instituto Nacional de Investigación 
Fundamental en Agricultura Tropical, Cuba) and FONAIAP (Fondo 
Nacional de Investigaciones Agropecuarias, Venezuela) (Surga et al. 1999), 
have successfully applied the simple freezing method.  At INIFAT, a 
post-thaw survival percentage of 34% was obtained for the local cultivar 
Burro Criollo (IPGRI 1996). Also the droplet-vitrification protocol was 
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successfully applied to banana at NBPGR (National Bureau for Plant 
Genetic Resources), New Delhi, India (Agrawal et al. 2004). 
4.1.6 Cryopreservation of the banana collection
Currently, droplet-vitrification of apical meristems as well as droplet-
vitrification of ‘cauliflower-like’ meristem clusters are both applied to 
the Musa collection.  The simple freezing method is not applied anymore 
for these purposes in view of the relatively low post-thaw regeneration 
percentages obtained for most genomic groups. Table 2 compares the 
labour requirement for the two methods that are now applied.  
Table 2.  Comparison of labour requirement for two cryopreservation protocols.
Freezing method Labour time cvs/person Time needed Cultivars 
 (hours)1 (person/year)2 (months)3 
Vitrification of  30 to 40 59 to 44 12 to 13 ABB
proliferating clumps    AAB
    some AAB plantains…
Vitrification of  60 to 70 29 to 25 8 to 9 AAAh bananas
individual meristems     Musa acuminata
    some AAB plantains…
1 Calculated time needed to prepare the culture media and meristem cultures followed by cryopre-
servation.  For each cultivar 3 repetitions are made with for each repetition at least 6 cryotubes con-
taining 10 (vitrification of individual meristems) to 20 (vitrification of proliferating clumps) explants.  
For each repetition at least 3 representative samples (tubes) are re-warmed and recovery screened.
2 1 year = 220 working days (8 h/day). 
3 Starting from 2 tubes until this accession is safely stored in liquid nitrogen (3 repetitions) 
The most labour intensive method (vitrification of apical meristems 
excised from rooted in vitro plants) will only be applied to the cultivars 
which are difficult to cryopreserve with the other method (for example 
AAA highland bananas).  For banana accessions belonging to the 
ABB group and AAB (non-plantain) bananas, droplet-vitrification of 
proliferating clumps is always applied, while the preferred method is 
droplet-vitrification of apical meristems for Musa acuminata and the East 
African highland bananas.  For all other accessions, the method of choice 
is based on (i) the proliferation degree of the meristem clumps that are 
obtained after three subculture cycles on a medium containing high 
cytokinin concentrations and (ii) survival of the proliferating meristem 
clumps after a preliminary cryopreservation trial. 
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To decide whether a cryopreservation experiment is successful or not, we 
use the mode of calculation developed by Dussert and coworkers (2003). 
These calculations have been applied to all our data.  An experiment is 
considered as successful provided that the chance to regenerate at least 
one shoot from the stored material is more than 95%.  This probability is 
depending on: 
(i)  the number of explants stored in liquid nitrogen (ranging for the 
long-term between 30 and 50); 
(ii)  the number of explants re-warmed (ranging between 16 and 50); and 
(iii) the  post re-warming regeneration percentage (%).  
An experiment leading to a lower probability level will not be considered 
as successful, irrespective of its regeneration percentage. In such cases, a 
new repetition will be executed.
We consider a banana accession as “safely” preserved if three 
independent (and successful) experiments are completed.  According 
these requirements we are currently storing 655 accessions belonging 




Often in cryopreservation protocols, a pregrowth phase is included to 
increase the freezing tolerance of tissue cultures.  Osmotically active 
compounds like sorbitol or mannitol are added to reduce the intracellular 
water content before freezing, thus reducing the amount of water 
available for lethal ice formation (Withers and Street 1977).  In the case of 
banana cells, it has been found that osmotic dehydration with 6% (w/v) 
mannitol for 2 or 7 days does not affect viability after cryopreservation 
(unpublished results).  For a male bud-derived cell suspension of Musa 
acuminata, however, preculture with 180 g/L sucrose for 24 h proved to 
be beneficial (Côte et al. 2000).
4.2.2 Cryoprotection
Different cryoprotective solutions have been tested, consisting of MS 
medium with 30 g/L sucrose added with DMSO (at 2.5, 5, 7.5, 10 and 
15% (v/v)), glycerol (at 5, 10 and 15% (v/v)), proline (at 10% (v/v)), and 
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a cryoprotective mixture (containing 0.5 M Glycerol, 0.5 M DMSO and 
1 M (=342 g/L) sucrose).  Although all treatments resulted, according 
to the FDA viability test, in the survival of frozen cells, only DMSO at 5, 
7.5 and 10% (v/v) gave satisfactory post-thaw regrowth.  The addition 
of higher sucrose levels (180 g/L) to the cryoprotective solution had, for 
most suspensions, a positive effect on FDA viability percentage and, 
more importantly, on post-thaw regrowth.  This was also observed in 
sugarcane embryogenic callus (Martinez-Montero et al. 1998).
4.2.3 Freezing
Comparable post-thaw regrowth is obtained using the methanol bath 
and the NalgeneTM cryo 1°C Freezing Container, provided that the 
cryotubes are transferred to liquid nitrogen as soon as a temperature of 
-40°C is reached.  If the NalgeneTM cryo 1°C Freezing Container is left 
overnight in the -80°C freezer, no post-thaw recovery is observed.  The 
use of the NalgeneTM cryo 1°C Freezing Container also proved to be 
very efficient for banana embryogenic cell suspensions initiated from 
male flowers (Côte et al. 2000).  Its main advantage is that no expensive 
equipment (except for a -80°C freezer) for controlled slow freezing is 
required.
4.2.4 Post-thaw treatments
The removal of the potentially toxic cryoprotection solution directly 
after thawing and its replacement by cryoprotection-free liquid 
medium, before transfer to semi-solid medium, results in complete loss 
of regrowth capacity and the cells becoming white.  Direct transfer of 
cells to liquid medium, which subjects the cells to similar post-thaw 
wash stresses, likewise results in growth failure.  Regrowth can only be 
achieved when cells, still suspended in the cryoprotective solution, are 
directly transferred to semi-solid medium.
Using the optimized cryopreservation protocol described above, 
KULeuven is now storing in liquid nitrogen more than 2700 cryotubes 
containing embryogenic cell suspensions belonging to 19 different 
banana cultivars.  Recently, banana cell suspensions were recovered 
after 15 years storage.  The ability to produce somatic embryos remained 
intact and embryogenic cell suspensions could again be established from 
the frozen material.
The fact that some banana cell suspensions are not able to withstand 
cryopreservation might be considered a reason for further optimization 
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of the cryopreservation protocol.  In addition to the more conventional 
procedure involving slow freezing in the presence of a cryoprotective 
solution often containing DMSO, successful cryopreservation of cell 
suspensions has also been reported after vitrification (Watanabe et 
al. 1995, Huang et al. 1995, Nishizawa et al. 1993, Sakai et al. 1990), 
encapsulation-dehydration (Bachiri et al. 1995, Swan et al. 1998), 
encapsulation-vitrification (Gazeau et al. 1998), encapsulation 
combined with slow freezing (Gazeau et al. 1998) and vitrification 
combined with slow freezing (Wu et al. 1997).  However, since the 
banana cell suspensions, which are recalcitrant to the above-described 
cryopreservation protocol, are not regenerative, they will not be used 
in genetic engineering.  Therefore, their preservation might be more of 
scientific rather than of practical value.
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MS medium (Murashige and Skoog 1962)
MS components                                                                         Concentration (mg/L)
Inorganic salts                                                                                        
Calcium Chloride 332.02
Ammonium Nitrate (NH4NO3) 1650
Magnesium Sulfate  80.70
Boric Acid (H3BO3) 6.2
Cobalt Chloride (CoCl2 · 6H2O) 0.025
Cupric Sulfate (CuSO4 · 6H2O) 0.025
Manganese Sulfate (MnSO4 · H20) 16.90
Potassium Iodide (KI) 0.83
Potassium Nitrate (KNO3) 1900
Potassium Phosphate (KH2PO4) 170
Sodium Molybdate (Na2MoO4 · 2H2O) 0.25
Zinc Sulfate (ZnSO4 · 7H2O) 8.60
                                
Iron source 
Sodium EDTA (Na2 · EDTA) 37.26
Ferric Sulfate (FeSO4 · 7H2O) 27.80






Glycine (free base) 2.00
Vitamins of Morel (Morel 1950)
Calcium panthotenate                                                                          1
Myo-inositol                                                                                      100
Nicotinic Acid                                                                                       1
Pyridoxine HCL                                                                                      1
Thiamine HCl                                                                                        1
Biotine                                                                                                   0.01
Appendix 1. Media and solution composition
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P5 medium
MS medium supplemented with sucrose 30 g/L, 10 µM BA, 1 µM IAA, 
2 g/L gelrite or 5 g/L agar (Banerjee and De Langhe 1985). (pH 5.8).
P4 medium
P5 medium with a 10-fold higher (100 µM) BAP concentration.
Preculture medium (PCM)
This medium contains all P5 elements but the sucrose level is increased 
to a final concentration of 0.4 M (=136.8 g/L).
P6 Regeneration medium
P5 medium with a 10-fold-lower (1 µM) BAP concentration.
Loading solution 
MS medium components diluted in water supplemented with 2 M 
glycerol and 0.4 M (=136.8 g/L) sucrose, pH adjusted to 5.8.  The solution 
is sterilized through a filter (0.22 µm).
PVS2 solution
Consists of 30% (w/v) (3.26 M) glycerol, 15% (w/v) (2.42 M) ethylene 
glycol (w/v) (EG), 15% (w/v) (1.9 M) DMSO and 0.4 M (= 136.8 g/L) 
sucrose (Sakai et al. 1990).  All these compounds are dissolved in MS 
medium, pH adjusted to 5.8 followed by filter sterilization (0.22 µm).
Unloading solution
The filter sterilized (0.22 µm) unloading solution consists of 1.2 M 
(410.4 g/L) sucrose dissolved in MS medium. (pH 5.8).
ZZ medium
Half strength MS macroelements and iron, MS microelements, 5 µM 
2,4-D, 1 µM zeatine, standard MS vitamins, 10 mg/L ascorbic acid, and 
30 g/L sucrose (pH 5.8).
RD1 medium
MS macroelements and iron, MS microelements, 1 µm BA, standard MS 
vitamins, 100 mg/L myo-inositol, 10 mg/L ascorbic acid, 30 g/L sucrose 
and 2 g/L gelrite. (pH 5.8).
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MA2 medium
MS macro- and micro-elements, biotine 1 mg/L, glutamine 100 mg/L, 
malt extract 100 mg/L, 2,4-D 1 mg/L and sucrose 45 g/L. (pH 5.3).
MA3 medium
Inorganic salts                                                                                  Concentration (mg/L)
KNO3                                                                                                       2500
CaCl2 · 2H2O                                                                                              200
MgSO4 · 7 H2O                                                                                          400
NH4H2PO4                                                                                               300
MnSO4 · H2O                                                                                               10
H3BO3                                                                                                            5
ZnSO4 · 7H2O                                                                                                1
KI                                                                                                                   1
CuSO4 · 5H2O                                                                                                0.2
NaMoO4 · 2H2O                                                                                            0.1
CoCl2                                                                                                            0.1
                                                                                                                        
Iron source                                                                                                      
FeSO4 · 7H2O                                                                                               15
Na2DTA                                                                                                       20
                                                                                                                        
MS vitamins                                                                                                    
                                                                                                                        
Other components                                                                                         
ANA                                                                                                              0.2
Zeatine                                                                                                         0.05
2iP                                                                                                                 0.2
Kinetine                                                                                                        0.1
                                                                                                                        
Lactose                                                                                                        10 g/L
Sucrose                                                                                                       45 g/L
Agarose                                                                                                        7 g/L
pH 5.3
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Appendix 2. Basic equipment required
Tools (forceps and scalpels) 
Liquid nitrogen (LN) source
Cryotanks – 1 for liquid nitrogen storage 
 – 1  to store plant material with racks or boxes to store 
cryotubes (2 for safety)
Polystyrene boxes  
Dewar vessels 
Sterile 2 ml cryotubes and cryovial holder (12 x 12)
Stirred methanol bath (-40°C) or Propanol container Alcohol bath (e.g. 
NalgeneTM cryo 1°C Freezing Container.) or Programmable freezer (only 
for research purpose or large-scale application) or (-70°C or -80°C freezer 
+ Mr Freeze)
Chemicals (DMSO, PEG, etc.)
Binocular stereoscopic microscope (with good light source) 
Fluorescence microscope (optionally) 
Safety equipment: gloves and goggles (for manipulation of liquid 
nitrogen)
Water bath (or warm water in plastic beaker)
Thermometer
Timer
Crushed ice and ice packs
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Appendix 3. List of abbreviations







MS medium Murashige and Skoog medium
PEG polyethylene glycol
TTC triphenyl tetrazolium chloride
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